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ABSTRACT 


A  method  is  described  for  counting  the  catecholamine-containing  heavy  granules  of 
adrenal  glands.  There  are  6.0  ±  0.8  (S.  E.)  x  lO’-  grranules/gram  wet  weight  of 
fowl  adrenal  gland. 

Individual  heavy  granules  contain  about  8  million  molecules  of  catecholamines 
(1.4  X  10-iT  mole). 

Reference  to  published  electron  microphotographs  of  adrenal  medulla  cells  allows 
estimation  of  the  average  volume  of  heavy  granules  and  calculation  of  the  intragranular 
concentration  of  catecholamines.  The  latter  probably  exceeds  0.5  M.  Therefore,  unless 
catecholamines  are  chemically  bound  to  some  polyvalent  constituent  within  the  heavy 
granules,  their  osmotic  activity  would  be  expected  to  be  greater  than  is  consistent 
with  the  maintenance  of  granule  integrity. 
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TNE  Mim  OF  CATEOIOUMIIi  STOftAOE  6IAIIIES  M  ANBUL  N9IIIU 


1.  INTRODUCTION 

It  has  been  established  that  the  catechol¬ 
amine  hormones  of  the  adrenal  medulla,  epi¬ 
nephrine  and  norepinephrine,  are  stored  within 
intracytoplasmic  “heavy  granules*’  which  are 
distinct  from  mitochondria  and  which  can  be 
harvested  in  a  homogeneous  pellet  by  a  com¬ 
bination  of  high-speed  differential  and  sucrose 
density  gradient  centrifugation  (12).  In  specu¬ 
lations  about  the  mechanism  by  which  the 
catecholamines  are  stored,  their  molar  concen¬ 
tration  within  individual  heavy  granules  holds 
considerable  importance.  From  observations 
which  Carlsson  and  Hillarp  (4)  have  made  of 
the  catecholamine,  and  total  and  extragranular 
water  contents  of  heavy  granule  pellets  from 
bovine  adrenal  glands,  the  concentration  in 
granule  water  appears  to  be  greater  than  0.5  M. 
The  purpose  of  this  study  is  to  present  the  re¬ 
sults  of  investigations  designed  to  determine 
content  and  molar  concentration  of  catechol¬ 
amines  in  single  heavy  granules,  an  estimation 
made  possible  by  a  technic  for  counting  these 
subcellular  particles.  Adrenal  glands  of  fowl 
(cross-bred  Cornish  and  Light  Rock  strains) 
were  used  as  the  source  of  granules,  because 
they  contain  a  greater  proportion  of  medulla 
tissue  than  the  adrenal  glands  of  other  small 
laboratory  animals  (5). 

2.  METHODS 
Preparation  of  granules 

Adrenal  glands,  removed  immediately  after 
death  by  decapitation,  were  trimmed,  weighed, 
and  homogenized  in  ice-cold,  neutralized  0.3  M 
sucrose  containing  0.01  M  disodium-ethylene- 
diamine  tetraacetic  acid  (EDTA).  An  aliquot 
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was  taken  for  the  colorimetric  determination  of 
catecholamines  (6).  After  centrifugation  for 
10  minutes  at  800  x  g  to  remove  cell  debris, 
nuclei,  and  unbroken  cells,  the  “large  granule 
fraction,”  consisting  of  mitochondria  and  heavy 
granules  (2),  was  sedimented  from  the  superna¬ 
tant  by  centrifuging  at  12,000  x  g  for  30  min¬ 
utes.  This  sediment  was  gently  rehomogenized 
in  0.3  M  sucrose  in  a  tapered  glass  homog- 
enizer  of  5  ml.  capacity,  layered  over  2.0  ml.  of 
1.8  M  sucrose  in  a  10  ml.  tube,  and  centrifuged 
at  27,000  X  g  overnight  in  a  swinging  bucket 
rotor  (Servall,  RC-1,  refrigerated  centrifuge; 
HS  rotor) .  The  heavy  granule  pellet  which  was 
obtained  was  again  gently  rehomogenized  in  a 
measured  volume  (usually  4.0  ml.)  of  1.8  M 
sucrose.  This  material  was  used  for  microscopy 
after  further  dilution  with  1.8  M  sucrose. 

Counting  technic 

Human  red  blood  cells  were  washed  several 
times  with,  and  then  suspended  in,  0.9 '  J  sodium 
chloride  solution.  The  number  of  red  cells  per 
milliliter  of  the  suspension  was  ascertained  by 
a  standard  microscopic  technic  using  125-fold 
magnification  and  a  ruled  hemocytometer  with 
a  well  100  n  deep.  A  volume  of  cell  suspension 
was  then  diluted  with  many  (usually  20)  vol¬ 
umes  of  1.8  M  sucrose  and  an  aliquot  mixed 
with  an  equal  volume  of  the  resuspended  heavy 
granules.  The  concentration  of  red  cells  in  the 
final  cell-granule  mixture  was  approximately 
2  X  lO'/ml.  A  very  small  droplet  of  the  mix¬ 
ture  was  placed  on  a  glass  slide  and  covered 
with  a  20  mm.  micro  cover  slide.  The  resulting 
thin  film  was  observed  by  phase  contrast  with 
a  Carl  Zeiss  standard  GFL  binocular  micro¬ 
scope.  The  apertures  of  the  25  x  oculars  were 
reduced  by  the  introduction  of  metal  discs  with 
2.5  mm.  central  circular  apertures,  one  of  which 
was  fitted  with  cross  hairs.  Use  of  a  100-power 
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oil  immersion  objective  afforded  2,500-fold 
magnification.  The  light  source  was  a  6-volt, 
15-watt  bulb  with  a  green  filter.  Immediately 
adjacent  fields  were  observed  in  several  ran¬ 
domly  chosen  places,  granules  and  red  cells 
being  counted  simultaneously  until  at  least 
25  red  cells  had  been  found.  By  counting  one 
quarter  of  the  field  at  a  time,  individual  heavy 
granules  could  be  counted  without  confusion. 
(Some  constant  readjustment  of  the  fine-focus¬ 
ing  knob  was  necessary  to  avoid  overlooking 
granules  which  would  otherwise  have  been  out 
of  focus  since  the  film  did  not  contain  a  mono- 
layer  of  granules.)  Granule  counts  were  cal¬ 
culated  by  relating  the  number  of  observed 
granules  to  the  number  of  observed  red  cells, 
the  latter  functioning  as  an  internal  standard. 
A  correction  was  then  made  for  the  destruction 
of  granules  during  the  rehomogenization  and 
resuspension  procedures.  The  necessary  cor¬ 
rection  factor  was  determined  as  follows:  The 
resuspended  granules  from  17  pairs  of  adrenal 
glands  were  each  divided  into  equal  fractions. 
One  fraction  was  again  centrifuged  overnight 
at  27,000  X  g  and  the  protein  content  of  the 
recovered  granules  was  compared  with  the  total 
protein  content  of  the  other  fraction.  Any 
difference  was  assumed  to  be  due  to  the  de¬ 
struction  of  granules  by  the  homogenization- 
resuspension  procedure.  Mean  protein  content 
of  the  recovered  pellets  was  30.89^  ±3.3  (S.  E.) 
of  that  in  the  uncentrifuged  fractions  (fig.  1). 
Therefore,  heavy  granule  counts  were  divided 
by  0.31  to  correct  for  this  expected  “breakage.” 

Chemical  determinations 

Catecholamines  were  estimated  in  an  aliquot 
of  the  whole  gland  homogenate  and  in  an  ali¬ 
quot  of  heavy  granule  suspension  after  extrac¬ 
tion  with  an  equal  volume  of  0.8  N  perchloric 
acid  (HClOj).  They  were  adsorbed  on,  and 
eluted  from,  alumina  columns,  converted  to  tri- 
hydroxyindole  derivatives  by  ferricyanide  at 
pH  6.0  (7),  and  measured  spectrophotofluori- 
metrically  (11).  Correction  wos  introduced  for 
recovery  which,  in  the  case  of  standards,  was 
greater  than  75 for  epinephrine  and  usually 
greater  than  85 for  norepinephrine. 
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FIGURE  1 

The  extent  of  dxtrvption  of  amine-eontaining  gran- 
nle$  during  the  proee»$  of  komogenixation.  Thete  data 
were  used  to  calculate  the  number  of  granulec  pretent 
in  intact  adrenal  medullary  titiue. 

Proteins  were  washed  twice  with  0.2  N  per¬ 
chloric  acid,  dissolved  in  1  N  sodium  hydroxide, 
and  estimated  colorimetrically  (10). 

3.  RESULTS 

Microscopic  appearance  of  heavy  granules 

The  heavy  granules  of  normal  glands  ap¬ 
peared  as  identical  tiny,  black  dots  against  a 
light  background,  and  exhibited  much  Brown¬ 
ian  motion.  Rare  larger  particles  with  less 
dark  centers,  probably  mitochondria,  were  seen. 
When  strict  attention  was  given  to  performing 
all  of  the  heavy  granule  harvesting  technics  at 
a  temperature  near  zero,  clumping  of  granules 
was  minimal  or  absent. 
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The  heavy  granules  of  glands  from  fowl  to 
which  reserpine  had  been  administered  pre¬ 
viously  were  found  to  lack  clear-cut  outlines 
(“ghost  granules”)  and  were  difficult  to  see. 
Therefore,  it  was  not  possible  to  perform  re¬ 
liable  counts  of  the  heavy  granules  from  glands 
of  animals  pretreated  with  reserpine. 

Heavy  granule  counts 

All  but  a  small  percent  of  the  catecholamines 
of  the  adrenal  gland  are  contained  within  the 
heavy  granules  (3) .  Division  of  the  number  of 
heavy  granules  in  each  pellet  by  the  fraction  of 
gland  catecholamines  which  the  pellet  contains 
yields  a  figure  for  the  number  of  heavy  gran¬ 
ules  in  the  intact  pair  of  glands  from  which  the 
pellet  was  harvested.  Granule  counts  for  11 
pairs  of  glands  ranged  from  1.6  to  10.6  x  lO'- 
gm.  wet  weight.  The  mean  was  5.0  rt  0.8  x 
10' -/gm. 

Content  of  catecholamines  in  individual  heavy 
granules 

In  11  instances  the  mole  content  of  cate¬ 
cholamines  in  a  pellet  was  divided  by  its  gran¬ 
ule  count  to  determine  the  amount  in  a  single 
granule.  The  average  catecholamine  content  of 
single  granules  ranged  from  0.6  to  2.8  x  10'*' 
mole.  The  mean  was  1.4  ±  0.2  (S.E.)  x  10‘” 
mole. 

Concentration  of  catecholamines  in  individual 
heavy  granules 

The  average  volume  of  individual  heavy 
granules  was  estimated  from  electron  micro¬ 
photographs  of  hamster  adrenal  medulla  cells 
published  by  de  Robertis  and  Sabatini  (12). 
The  mean  radius,  r,  of  87  granule  sections  was 
0.13  /X.  When  0.13  is  divided  by  a  "radius- 
correction  factor”  (0.785),  the  equatorial  radius, 
r,  is  obtained — viz,  0.17  n.  Since  the  heavy 
granules  are  always  nearly  round  in  cross  sec¬ 
tion,  they  may  be  considered  to  be  spherical. 
The  volume  of  a  sphere  with  r  =  0.17  n  is 
19  x  10  ''  1  (volume  =  4/3  w  r’).  The  radius- 
correction  factor  is  necessary  because  random 
slices  through  any  sphere  will  more  often  be 
located  on  one  side  or  other  of  its  equator — 


i.e.,  the  (equatorial)  radius  of  heavy  granules 
is  not  the  “mean”  radius  as  directly  measured 
from  electron  microphotographs.  Since  the 
area  of  the  semicircle  can  be  expressed  either 
as  r  r-/2  or  as  (2  r)  (F),  r  can  be  stated  in 
terms  of  r ;  r  is  found  to  be  r/0.785. 

Division  of  mole  content  of  catecholamines 
per  granule  by  granule  volume  gives  a  value  for 
molarity.  The  mean  calculated  molarity  of  the 
catecholamines,  in  the  heavy  granules  from 
11  pairs  of  glands,  ranged  from  0.3  to  1.1  and 
the  mean  was  0.7. 

4,  DISCUSSION 

Since  the  adrenal  glands  of  fowl  contain 
approximately  as  much  cortex  as  medulla  (5), 
the  number  of  granules/gram  of  medulla  tissue 
may  be  assumed  to  be  about  10'-'',  twice  the 
count/gram  of  whole  gland.  It  is  not  possible 
at  this  point  to  estimate  the  average  number 
of  granules  contained  in  each  medulla  cell. 

The  amount  of  hormone  (1.4  x  10~”  mole) 
in  a  single  heavy  granule  represents  about 
8  million  molecules  of  catecholamines.  De 
Robertis  and  Sabatini  (12)  have  published 
microphotographs  of  adrenal  medulla  cells  from 
hamsters  whose  splanchnic  nerves  had  been 
stimulated  electrically  to  produce  a  heightened 
discharge  of  catecholamines.  Heavy  granules 
are  aligned  adjacent  to  the  cell  membrane  ap¬ 
parently  discharging  their  entire  contents 
through  a  break  where  granule  and  cell  mem¬ 
branes  touch.  If  this  is  the  way  in  which  the 
granules  are  ordinarily  emptied,  8  million  mole¬ 
cules  of  hormone  may  be  regarded  as  a 
quantum  of  adrenal  medulla  secretion. 

Estimation  of  the  molar  concentration  of 
catecholamines  in  a  single  granule  requires  a 
knowledge  of  gra.iule  volume.  The  dimensions 
of  an  average  heavy  granule  were  derived  from 
the  microphotographs  of  hamster  adrenal 
medulla  cells  of  de  Robertis  and  Sabatini  (12). 
No  similarly  detailed  pictures  of  as  many  fowl 
heavy  granules  are  available,  but  hamster  and 
fowl  granules  are  of  similar  size  (9).  Our 
calculations  indicate  that  if  a  heavy  granule 
had  a  volume  of  11,  it  would  contain  about 
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0.7  mole  catecholamines.  However,  it  must  be 
borne  in  mind  that  only  about  70%  of  the 
weight  of  a  heavy  granule  is  water  (4),  since 
it  also  contains  considerable  amounts  of  adenine 
nucleotides  and  protein.  Therefore,  the  molar 
concentration  of  catecholamines  in  granule 
water  is  even  greater  than  0.7.  Carlsson  and 
Hillarp’s  data  (4)  similarly  indicate  that  the 
catecholamine  concentration  within  intra- 
granular  water  exceeds  half  molar.  It  may  be 
concluded  that  catecholamines  are  probably 
stored  within  the  heavy  granule  in  a  bound 
state,  for  if  they  existed  as  a  half-molar  solu¬ 
tion  of  free  ions,  they  would  exert  an  osmotic 
pressure  of  several  atmospheres,  and  granule 
integrity,  in  all  likelihood,  could  not  be  main¬ 


tained.  In  fact,  there  is  evidence,  both 
indirect'  (8,  3)  and  direct-  (13),  that  catechol¬ 
amines  are  indeed  bound  to  polyvalent  adenine 
nucleotides  in  a  storage  complex.  Whether 
formation  of  this  complex  is  of  itself  enough  to 
lower  the  concentration  of  osmotically  active 
particles  within  the  granule  to  a  degree 
compatible  with  their  survival,  or  whether  to 
this  end  the  complex  must  in  turn  be  bound 
to  granule  protein,  remains  to  be  explored. 

^Cfttecholamincft  ftnd  adenine  nucleotides  are  present  in  ehemi> 
eally  equivalent  amounts  in  heavy  granules. 

i^Nuelear  mafnetie  resonance  spectroscopy  of  solutions  containinff 
eatechulamines  and  adenine  nucleotides  indicates  that  the  two 
compounds  interact  by  both  ionic  and  hydrogen  bonds. 
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